Recent preclinical studies have identified three treatments that are especially promising for reducing acute lesion expansion following traumatic spinal cord injury (SCI): riluzole, systemic hypothermia, and glibenclamide. Each has demonstrated efficacy in multiple studies with independent replication, but there is no way to compare them in terms of efficacy or safety, since different models were used, different laboratories were involved, and different outcomes were evaluated. Here, using a model of lower cervical hemicord contusion, we compared safety and efficacy for the three treatments, administered beginning 4 h after trauma. Treatment-associated mortality was 30% (3/10), 30% (3/10), 12.5% (1/8), and 0% (0/7) in the control, riluzole, hypothermia, and glibenclamide groups, respectively. For survivors, all three treatments showed overall favorable efficacy, compared with controls. On open-field locomotor scores (modified Basso, Beattie, and Bresnahan scores), hypothermia-and glibenclamidetreated animals were largely indistinguishable throughout the study, whereas riluzole-treated rats underperformed for the first two weeks; during the last four weeks, scores for the three treatments were similar, and significantly different from controls. On beam balance, hypothermia and glibenclamide treatments showed significant advantages over riluzole. After trauma, rats in the glibenclamide group rapidly regained a normal pattern of weight gain that differed markedly and significantly from that in all other groups. Lesion volumes at six weeks were: 4.8 -0.7, 3.5 -0.4, 3.1 -0.3 and 2.5 -0.3 mm 3 in the control, riluzole, hypothermia, and glibenclamide groups, respectively; measurements of spared spinal cord tissue confirmed these results. Overall, in terms of safety and efficacy, systemic hypothermia and glibenclamide were superior to riluzole.
Introduction

S
pinal cord injury (SCI) is a debilitating neurological injury that typically requires lifelong therapy and rehabilitative care. Worldwide, the incidence of SCI ranges from 10 to 83 per million people per year, with half of these patients suffering a complete lesion and one-third becoming tetraplegic. 1, 2 In the United States, up to 1.275 million people live with SCI and 12,000-20,000 new cases are added yearly. 3, 4 Long-term disability resulting from SCI translates not only into enormous personal and financial losses for the affected individual but also into substantial burdens to the economy and the health care system. 5 Traumatic SCI is marked by acute lesion expansion, (i.e., volumetric expansion that occurs principally during the first several hours after trauma). Volumetric expansion describes the progressive conversion of normal tissue into abnormal tissue that is caused by severe advancing microvascular dysfunction, and which gives rise to both edematous progression and hemorrhagic progression of the lesion. 6, 7 Edematous progression may, in principal, be reversible, but hemorrhagic progression, also known as progressive hemorrhagic necrosis (PHN), leads to irreversible tissue destruction. 8 Acute lesion expansion has been documented using serial magnetic resonance imaging in experimental SCI, 9, 10 as well as in humans with SCI. 11 PHN has been causally linked to the upregulation of Sur1-Trpm4 channels in microvascular endothelial cells, leading to microvascular dysfunction and capillary fragmentation. [12] [13] [14] There is a critical need to develop safe and effective treatments to prevent acute lesion expansion after traumatic SCI in order to optimize recovery-both spontaneous recovery as well as that which is anticipated from cell-based therapies.
Recent preclinical studies have identified three treatments that are especially promising for reducing acute lesion expansion in SCI: riluzole, [15] [16] [17] [18] [19] systemic hypothermia, [20] [21] [22] [23] and glibenclamide. 8, 9, 12, [24] [25] [26] All have been reported to reduce lesion size and improve neurological function in various cervical and thoracic rat models of SCI. Although each of these treatments has repeatedly demonstrated efficacy in multiple studies with independent replication, there is no way to compare them in terms of efficacy, since different models were used, different laboratories were involved, and different outcomes were evaluated. 27 Similarly, there is no way to compare them in terms of safety, since each may have its own treatment-associated complications or untoward side effects, especially in the context of injury. Critically important questions remain as to which of these three treatments, if any, should be advanced to clinical trials. Here, we report on a comparison of riluzole, systemic hypothermia, and glibenclamide administered beginning 4 h after trauma performed in a single laboratory using the same SCI model, with treatment outcomes evaluated by investigators blinded to treatment group during all but the first week after trauma.
Methods
Ethics statement
All methods and data are reported with consideration for the guidelines provided by Animals in Research: Reporting in Vivo Experiments (ARRIVE) and Minimum Information About a Spinal Cord Injury Experiment (MIASCI). 28, 29 Further, we certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during the course of this research. Animal experiments were performed under a protocol approved by the Institutional Animal Care and Use Committee of the University of Maryland, Baltimore and in accordance with the relevant guidelines and regulations as stipulated in the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used and their suffering.
Subjects
These experiments were conducted on new groups of animals distinct from those previously reported from this laboratory. In all, 35 female Long-Evans rats (ages 10-12 weeks; 200-225 g; Harlan, Frederick, MD) underwent SCI (see below for injury details) and were assigned to one of four groups: no treatment after injury (10 rats); riluzole (10 rats); hypothermia (eight rats); or glibenclamide (seven rats). All treatments were started 4 h after injury (see treatment details below). Survivors were maintained for six weeks after injury, during which they underwent various evaluations for well-being and for neurological function, and after which they were euthanized to measure lesion volumes.
Sample size calculation
We based our sample size calculation on a previous study 30 that used the same model of SCI and compared riluzole and glibenclamide, except that in the previous study the impact force was greater (30 vs. 25 mm drop of a 10 g weight), and the doses of the two drugs were lower. In that study, mean lesion volumes were 2.2 and 1.2 mm 3 for riluzole versus glibenclamide (standard deviation, 0.6 mm 3 ). These values yield an effect size (Cohen's d) of 1.7. Sample size calculation for a two-sample comparison (a = 0.05; two-tailed), an effect size of 1.7, and a power of 80%, indicated a minimum sample size of seven per group. In order to maintain a balanced design for the analysis of long-term outcomes, the number of animals in each group was increased, commensurate with early mortality.
Rat model of SCI
A unilateral impact to the cervical spinal cord at C7 was calibrated to produce ipsilateral but not contralateral primary hemorrhage. 12, 25 Rats were anesthetized (ketamine, 60 mg/kg plus xylazine, 7.5 mg/kg, intraperitoneally [IP] ) and the head was mounted in a stereotaxic apparatus (Stoelting, Wood Dale, IL). Using aseptic technique and magnification (Zeiss operating microscope with co-axial lighting; Thornwood, NY), the spine was exposed dorsally from C3 to T3 via a 3 cm midline incision and sub-pereosteal dissection of the paraspinous muscles. The ear bars were removed and the animal was repositioned so that it was supported from the spinous process of T2 (Spinal Adaptor; Stoelting) and the snout. At C7, the spinous process, part of the right lamina, the entire left lamina and the dorsal half of the left pedicle were removed using a 1.9-mm diamond burr (RS-6280C-6; Roboz Surgical Instrument Co., Inc., Gaithersburg, MD) and a high-speed drill, with care taken to avoid mechanical and thermal injury to the underlying dura and spinal cord. The dura was exposed by sharply removing the interlaminar ligaments rostral and caudal to the lamina of C7 and any remaining ligamentum flavum. The guide tube containing the impactor (1.55 mm tip diameter, 57 mm length, 1.01 g) was angled 5°medially. Using the manipulator arm of the stereotaxic apparatus, the impactor was positioned on the dura mater near the left C8 nerve root. As previously, 12, 25 the caudal edge of the impactor was placed in line with the caudal edge of the C8 nerve root at the axilla, and the medial edge of the impactor was placed 0.3 mm medial to the dorsolateral sulcus. The impactor was activated by releasing a 10 g weight from a height of 25 mm inside the guide tube. The impact caused an immediate, forceful flexion of the trunk and 70-90°flexion of the ipsilateral knee, which had been extended before impact, and resulted in a hemorrhagic contusion evident on the surface of the cord involving the ipsilateral but not the contralateral sulcus, as observed under the microscope through the translucent dura.
After injury, the surgical site was flushed with 1 mL of normal saline (NS), the musculature was replaced over the spine and the skin incision was stapled. Rats in the hypothermia treatment group had an epidural thermoprobe (Flexible Implantable Probe IT-23; Braintree Scientific Inc., Braintree, MA) placed on the dura and loosely sutured to the musculature to secure it in place. All rats were given 10 mL of glucose-free NS subcutaneously. Rats in the three non-hypothermia groups were nursed on a heating pad (DC temperature controller with feedback; FHC Inc., Bowdoin, ME) to maintain rectal temperature *37°C until they emerged from anesthesia (1-2 h). After returning to their cages, a purified high calorie supplement (DietGel Boost; Clear H 2 O, Portland, ME) and water were placed near the rat to be easily accessible. Bladder function was assessed two to three times daily by observing for urination and by palpating the bladder. Manual expression of the bladder was performed using Credé's maneuver, as needed, until the rats regained reflex voiding.
Controls
Because comparison groups included two drugs solubilized using different vehicles, and a non-drug group, we elected to have the controls not receive any vehicle or other manipulation.
Riluzole treatment
Riluzole treatment was based on Wu colleagues, 18, 19 who reported that rats with SCI receiving a dose of 8 mg/kg IP twice daily had 30% (3/10 rats) survival, those administered 6 mg/kg IP twice daily had 92.3% (24/26) survival, and those administered 4 mg/kg IP twice daily had 100% survival. Here, we used an intermediate dose of 5 mg/kg IP twice daily, which was twice the dose we studied previously. 30 Riluzole was prepared as described, 16 wherein it was initially dissolved in 45% (2-hydroypropyl)-bcyclodextrin (2HPbCD) with 0.2 N HCl, then diluted to a final concentration of 5 mg/mL; 1 N NaOH was added to adjust to pH 7.4. Beginning 4 h after trauma, the final solution was delivered in phosphate-buffered saline at a dose of 5 mg/kg IP twice daily for 7 d, adjusted for the rat's actual daily body weight.
Systemic hypothermia treatment
Temperatures were recorded using both a rectal probe and the epidural probe implanted at surgery. Within 5 min of trauma, the rats were placed on a warming pad and the epidural temperature was maintained at 37 -1°C for 4 h. Subsequently, moderate hypothermia (epidural temperature, 33.0 -0.3°C) was induced for 4 h as described previously. 21 Rats were transferred to the cooling system, comprised of a water blanket and pump (HTP WD-020 and HTP-1500, Adroit; Medical Systems Corp., Loudon, TN) with the pump reservoir filled with ice water. The rats were covered with a thermal blanket to stabilize their temperature. During this time, they were anesthetized with low-dose isoflurane (0.75%) via face mask, to prevent them from shivering or moving and dislodging the temperature probe. They reached the target epidural temperature for hypothermia within 30 min of starting cooling. Blood oxygen saturation and pulse rate (MouseOx, Starr, Life Sciences Corp, Holliston, MA), as well as respiratory rate, were monitored continuously and recorded every 30 min. After 4 h, the animals were gradually rewarmed at 1°C/h until they were normothermic. After completing the hypothermia treatment, the epidural probes were removed by gentle traction, and the rats were returned to their cages, where food and water were easily accessible.
Glibenclamide treatment
Glibenclamide treatment consisted of administering a loading dose (10 lg/kg, IP), 4 h after trauma, plus implanting a mini-osmotic pump for continuous one-week long subcutaneous delivery beginning 4 h after trauma of 400 ng/h, which was twice the infusion dose that we studied previously. 12, 25, 30 Drug formulation and methods of administration have been described in detail. 31 A stock solution of glibenclamide was prepared by placing 25 mg glibenclamide (#G2539; meets ISP testing; Sigma, St Louis, MO) into 10 mL dimethyl sulfoxide. The solution to be loaded into the mini-osmotic pumps (Azlet 2001, 1 lL/h; Azlet Corp., Cupertino, CA) was made by taking 2.1 mL unbuffered NS, adding 4 lL of 10 N NaOH (undiluted Fixanal; Riedel-deHaën, Seelze, Germany), then adding 400 lL stock solution, in that order, to prevent precipitation of drug. The solution to be used for the loading dose was made by adding 4 lL of stock solution to 1 mL NS. After filling the mini-osmotic pumps, they were primed overnight in NS at 37°C with the outlet of the pump connected to a length of PE60 tubing that extended above the level of the priming solution, to prevent H+ ions from entering the pump chamber. Prior to implanting, the pump outlet was fitted with an empty catheter (PE60 tubing), 4 lL in volume, that resulted in a 4-h delay in the start of drug infusion. 30 Loaded and primed miniosmotic pumps were implanted subcutaneously after completing surgery to induce SCI. The pumps delivered 400 ng/h of glibenclamide for 7 d. The loading dose (10 lg/kg IP) was administered 4 h after injury, with the volume of the loading dose in microliters equal to the weight of the rat in grams. After completing the glibenclamide treatment on Day 7, the rats were briefly anesthetized with isoflurane and the mini-osmotic pump was removed to conceal group identity.
Data collection and blinding of investigators
In accordance with good laboratory practice, different investigators performed surgery for SCI (OT) versus evaluation of outcomes (HH, DP, KK, BRS, SI) and, when possible, outcome evaluations were performed by investigators who were blinded to treatment group. Outcome measures were evaluated in two phases. Phase 1 consisted of the first 7 d after trauma, during which group identity could not be concealed, because early mortality had to be compensated by adding new animals to the appropriate groups, and because required manipulations or external signs of group identity (twice daily IP injections [riluzole] vs. an implanted mini-osmotic pump [glibenclamide] vs. nothing [controls and hypothermia]) prevented concealment.
During Phase 1, we assessed mortality daily; also, on Days 1, 3, and 7, we assessed autonomic function (heart rate, rectal temperature, and ipsilateral ptosis), arousal scores (lethargy), motor scores, bladder function, and serum glucose. Also during Phase 1, on Days 1, 3, and 7, we measured modified (unilateral) Basso, Beattie, and Bresnahan (mBBB) scores, performance on the inclined plane, beam balance, and body mass. On Day 8, after external signs of group identity had been removed, de-identified rats were marked with a coded ear tag (National Band and Tag Co., Newport KY) and randomly assigned to cages by a scientist (VG) not involved in outcome evaluations. During Phase 2, de-identified rats were evaluated weekly by blinded investigators (HH, DP, KK, OT) for mBBB scores, performance on the inclined plane, beam balance, and body mass. Performance on the accelerating rotarod was tested only once, 32 during Week 6. After completing the functional evaluations of Week 6, rats were euthanized and the spinal cords were processed to evaluate lesion volume (BRS, SI).
Treatment allocation
For the first 28/35 rats, each day four rats underwent SCI and were allocated to one of the four treatment groups. For practical reasons-specifically, the length of time required to administer delayed hypothermia and rewarming-the first rat of the day was always assigned to the hypothermia group. Treatment allocation for the other three rats was determined by coin toss by an investigator not otherwise involved in the experiments. The final 7/35 rats were allocated to treatment groups in accordance with early mortality.
Autonomic function
Rectal temperature was measured using a digital thermometer (DT-610B; ATP Instrumentation, Leicestershire, UK). Heart rate was recorded using the MouseOx. Ipsilateral ptosis was determined by physical examination.
Arousal (lethargy)
The response to non-noxious whisker/face tactile stimulation was scored as follows: 0, dead; 1, alive but no response; 2, weak response (moves head); 3, strong response (moves head, neck, and forelimbs).
Motor scores
Motor function early after trauma was evaluated, with scores determined as follows 33, 34 : 0, no movement of hind limbs, no weight bearing; 1, barely perceptible movements of hind limbs, no weight bearing; 2, frequent and/or vigorous movement of hindlimbs but no weight support; 3, alternative stepping and propulsive movements of hind limbs, some intermittent weight bearing; 4, can support weight and walk with deficit apparent; 5, normal walking.
Bladder function
On two to three occasions per day, the bladder was palpated to determine fullness. When full, manual compression was applied to initiate emptying (Credé's maneuver). The appearance of the urine, whether grossly bloody or not, was recorded.
Serum glucose
Tail prick was used to obtain a droplet of blood; serum glucose was measured using a glucometer (OneTouch Ultra; LifeScan Inc., Milpitas, CA).
BBB scores
BBB
35 scores were determined as described, except that modifications were introduced to allow more accurate assessment of the functional asymmetry associated with hemicord injury. The scoring sheet shown in the original paper 35 provides for scoring of the right and left hindlimbs separately, with the final score for the animal being based on the two scores. Here, because we were studying hemicord injuries, we maintained the two scores separately, which we refer to as mBBB scores. 25, 30 The method for scoring up to and including scores of 11 is identical for mBBB and BBB. For mBBB scoring of coordination, forelimb-hindlimb coordination was operationally defined as a one-to-one correspondence between forelimb and ipsilateral hindlimb steps on each side; ''alternation in hindlimb stepping'', which is taken into account in BBB scoring, was ignored for mBBB scoring. For scores above 19, both right and left sides were credited for ''tail consistently up'' and for ''trunk stability.'' Serial mBBB scores were assessed by two independent investigators, with the worse of the two scores being used.
Inclined plane
We measured the angle of failure on up-angled and down-angled planes, using a wooden surface (unfinished Luan plywood), with the plane position angled from horizontal at *5°/sec. 36 The animals were placed transversely on the inclined plane and the highest angle the rat could maintain for 5 sec was recorded. The better of two consecutive tests was taken as the final measure.
Beam balance
Performance on beam balance was evaluated, 37 with scores determined as follows: 0, falls off; 1, hangs on; 2, stands on beam but one or two legs slip off; 3, stands on beam; 4, walks on beam.
Accelerating rotarod
Performance on the accelerating rotarod 38 (IITC, Life Science, Woodland Hills, CA) was measured during the fifth week after SCI. The drum was started at 4 rpm and was accelerated at rate of 2 rpm every 5 sec up to a maximum of 45 rpm. Three trials separated by 20 min were administered; we report the average latency to falling off of the drum.
Lesion volume and spared spinal cord tissue
At six weeks after SCI, the rats were deeply anesthetized, exanguinated, and transcardially perfusion-fixed with 10% neutral buffered formalin, and the spinal cords were harvested. Serial paraffin sections (10 lm thickness) were prepared from 2 cm spinal cord segments encompassing the injury site. Sections were obtained every 500 lm (no treatment group; *20 sections/rat) or every 250 lm (riluzole, hypothermia, and glibenclamide groups; *40 sections/rat) and were mounted on glass slides. All sections were deparafinized and stained with hematoxylin and eosin (H&E) as a single batch (Tissue-Tek Prisma/Film Automated Slide Stainer; Sakura, Torrance, CA). After coverslipping, the sections were scanned at 2400 dpi using a flatbed scanner. The file names of the images were encoded to de-identify treatment group identity. Photoshop CS6 (v 13.0 x64; Adobe Systems Inc., San Jose CA) was used to view the image of each section enlarged *40 · and to draw planimetric lesion contours. 39 Lesion boundaries were identified as abrupt reductions in H&E staining, compared with uninjured tissues. All contours outlining the lesion area and the area of spared spinal cord tissue were drawn by one researcher (BRS); ambiguous lesion boundaries were resolved by consensus between BRS and an experienced histopathologist (SI). Lesion volumes and volumes of spared spinal cord tissue (in mm 3 ) were calculated as the sum of the areas (in mm 2 ) multiplied by 0.5 or 0.25 mm, as appropriate.
Data analysis
Like BBB scores, [40] [41] [42] mBBB scores are derived from an ordinal scale and are not normally distributed, and so were analyzed using a nonparametric procedure. Modified BBB scores and beam balance scores at six weeks were analyzed using the Kruskal-Wallis test, with Dunn's post hoc comparison. Parametric data at six weeks, including performance on the inclined plane and accelerating rotarod, as well as body weight, lesion volumes, and volumes of spared spinal cord tissue, were analyzed using a one-way analysis of variance with Fisher's post hoc comparisons. All data, including scores, are presented as mean -standard error. 
Results
Assessments during Phase 1 (Week 1 only)
During the first week after trauma, when group identity could not be concealed (Phase 1, see Methods), we assessed mortality daily. Also, on Days 1, 3, and 7, we assessed autonomic function, arousal scores (lethargy), motor scores, bladder function, and serum glucose.
Mortality. Mortality in both the control and the riluzole groups was 30%; one rat in the hypothermia group died during the night after the procedure. There were no deaths in the glibenclamide group (Fig. 1) .
Autonomic function. On Days 1-3, bradycardia and spontaneous hypothermia were observed in the control and riluzole groups, but these abnormalities normalized by Day 7. These abnormalities were not observed in the hypothermia or glibenclamide groups ( Fig. 2A, 2B) .
Ipsilateral ptosis is believed to reflect acute lesion expansion caudally from the lower cervical to the upper thoracic spinal cord, resulting in sympathetic dysfunction. Ptosis was present on Day 1 in 4/7 rats in both the control and the riluzole groups, in 1/7 rats in the glibenclamide group, and in none of the hypothermia group (Fig. 2C) . By Day 3, 2/7 rats in the control group still exhibited ptosis, whereas none in the other groups did.
Arousal scores. The response to non-noxious whisker/face tactile stimulation was used to assess the level of arousal (degree of lethargy). On Day 1, scores were low for both the control and riluzole groups, whereas they were high (near normal) for both the hypothermia and glibenclamide groups (Fig. 3A) . By Day 3, the riluzole group had normalized, whereas the controls had not.
Motor scores. On Day 1, motor scores for the control and riluzole groups indicated little if any movement of the hindlimbs, with a mean score of 1, whereas the hypothermia and glibenclamide groups showed appreciable function, with a mean score of 3 (Fig.  3B) . Scores improved in all groups with time, and by Day 7, the three treatment groups performed better than controls.
Bladder function. Hematuria (hemorrhagic cystitis) may reflect involvement of the lateral funiculus. 43 On Day 1, hematuria was present in 3/9, 2/9, 1/7, 0/7 rats in the control, riluzole, hypothermia, and glibenclamide groups, respectively (Table 1) . On Day 1, spontaneous unassisted voiding was present in 3/9, 3/9, 5/7, 6/7 rats in the control, riluzole, hypothermia, and glibenclamide groups, respectively (Table 1) . By Day 7, all rats were voiding without assistance. 44 Serum glucose. Serum glucose measured on days 1, 3, and 5 showed that rats in all treatment groups had values above 100 mg/dL; only the control rats on Day 1 had lower values, *90 mg/dL (Fig. 4) .
Assessments spanning Phase 1 (Week 1) and Phase 2 (Weeks 2-6)
Following the first week after trauma, group identity was concealed from evaluators (Phase 2; see Methods). During both Phase 1 and Phase 2, we assessed mBBB scores, performance on the inclined plane, and beam balance. At the end of Phase 2, we assessed performance on the accelerating rotarod 
Control
Riluzole Hypothermia Glibenclamide mBBB scores. The model we used with unilateral cervical SCI resulted in asymmetric hindlimb locomotor function, which we assessed using an mBBB scoring system that maintained the scoring for each hindlimb separately (see Methods and References) 25, 30 Throughout the six weeks of testing, scores for both the ipsilateral and contralateral hindlimbs were largely similar for the hypothermia and glibenclamide groups, showing uninterrupted improvements in function with time (Fig. 5A) . For the first two weeks after trauma, scores for riluzole-treated rats lagged those in the hypothermia and glibenclamide groups, but subsequently their scores joined those of the other two treatment groups. During the last four weeks, scores in the three treatment groups were similar and were significantly better than controls.
Inclined plane. Similar to the mBBB scores, throughout the six weeks of testing, performance on the up-angled and downangled inclined plane were largely similar for the hypothermia and glibenclamide groups (Fig. 5B) . Performance for the control and riluzole groups was similar initially but the riluzole group improved rapidly after Week 2. During the last weeks, the performances in all groups were similar.
Beam balance. This is a test of coordinated forelimb and hindlimb function. Scores were largely similar for the hypothermia and glibenclamide groups, showing uninterrupted improvements throughout the six weeks of testing (Fig. 6A) . Scores for the riluzole group lagged behind those of the other two treatment groups throughout the six weeks, and at six weeks, were significantly different from the hypothermia and glibenclamide groups.
Accelerating rotarod. This is another test of coordinated forelimb and hindlimb function. Performance on the accelerating rotarod was assessed once during the fifth week after trauma. On this measure, rats in the three treatment groups performed similarly, and they performed significantly better than controls (Fig. 6B) .
Body mass
Normal weight gain in young adult rats is an important measure of general well-being, which is known to be impaired after SCI. 45 Body mass was measured before trauma, on Days 1, 3, and 7 after trauma, then weekly thereafter. Rats in all groups lost weight during the first week after trauma, with rats in the glibenclamide group losing the least and recovering the quickest (Fig. 7) . After the first week, all rats resumed weight gain, but body weight in glibenclamide-treated rats continued to be significantly greater than in control, riluzole-treated, and hypothermia-treated rats.
Lesion volume and spared spinal cord tissue
At the end of the six-week period of testing, the rats were euthanized and the spinal cords were processed to measure lesion volumes and spared spinal cord tissue. Areas were measured on serial H&E sections (Fig. 8A ). Areas were plotted as a function of distance from the epicenter, and were used to calculate volumes (Fig. 8B, 8C ). Lesion volumes were: 4.8 -0.7, 3.5 -0.4, 3.1 -0.3 and 2.5 -0.3 mm 3 in the control, riluzole, hypothermia, and glibenclamide groups, respectively. Volumes of spared spinal cord tissue were: 13.8 -0.8, 15.9 -0.8, 17.1 -0.5, and 17.7 -0.8 mm 3 in the control, riluzole, hypothermia, and glibenclamide groups, respectively. Notably, some degree of atrophy of the cervical spinal cord rostral to the lesion was identified in all but the glibenclamide group.
Discussion
Important advances have been made in the design of preclinical trials aimed at identifying safe and effective treatments for SCI. The National Institutes of Neurological Diseases and Stroke established Facilities of Research Excellence in Spinal Cord Injury (FORE-SCI) sites to address key factors that have hampered the translation of research on promising new therapeutics from the laboratory to clinical trials. FORE-SCI sites provide training on best practices, and attempt to replicate novel experimental therapeutic studies in SCI models. Notably, this effort led to the finding that published studies are difficult to replicate, 24, 46, 47 and that successful replication can be complex. 48 Recently, the consortium on MIASCI proposed reporting standards for preclinical SCI experiments, 29 recommending the adoption of uniform reporting standards, such as common data elements (data elements used in multiple clinical studies) and minimum information standards. Although these efforts are essential, they do not directly address the urgent need to identify the best among a group of candidate therapies, to help assure that the immense efforts required and the limited resources available for clinical trials are focused appropriately, and to help assure that the enormous suffering incurred by the victims of SCI is addressed in as timely and robust a manner as possible.
One approach to the problem of identifying the best among a group of candidate therapies is to perform a direct comparison of the different therapies in a single experiment in one laboratory. 30 With this approach, all treatments are evaluated concurrently, with direct comparison of the efficacy of different treatments performed in a standardized environment, with a minimum of variability in surgery, animal care, outcome evaluation, and other variables. The principal difficulty with this approach is the potential for bias, but bias can be managed effectively by evaluating objective (along with subjective) measures, and by concealing treatment group identity from those evaluating outcomes, as we did here.
In the present study, we performed a direct comparison of riluzole, [15] [16] [17] [18] [19] systemic hypothermia [20] [21] [22] [23] and glibenclamide. 8, 9, 12, [24] [25] [26] Despite the high quality of the published research on these treatments, there previously was no reliable way to compare them in terms of efficacy (i.e., to judge which might be better) since different models were used, different laboratories were involved, and different outcomes may have been evaluated. 27 Similarly, there was no way to compare the three in terms of safety, given that each has its own treatment-associated complications or untoward side-effects, especially in the context of injury. Here, we directly compared riluzole, systemic hypothermia, and glibenclamide in a single experiment; moreover, a wide variety of treatment and safety outcome measures were evaluated by investigators who were blinded to treatment group identity during all but the first week after trauma.
With regard to efficacy, the direct comparisons that we made between treatments were revealing. All three treatments showed overall favorable results, compared with controls, in keeping with previously published reports. On the outcome measure that is used routinely in preclinical SCI research-the BBB score-the three treatments demonstrated similar efficacy at six weeks, with all three being significantly better than controls. The hypothermia-and glibenclamide-treated animals were largely indistinguishable throughout the entire study. Riluzole-treated rats underperformed for the first two weeks but then joined the hypothermia and glibenclamide groups, and the three treatments became almost indistinguishable by six weeks. However, on beam balance, which assesses cervical lower motor neuron function, as well as lower extremity function, hypothermia and glibenclamide treatments showed significant advantages over riluzole. A better performance with glibenclamide also was found in our previous study comparing riluzole and glibenclamide, in which a larger impact force, lower doses of both drugs, and an earlier treatment time were used. 30 Lesion volumes at six weeks, which reflect in part acute lesion expansion, were smaller in all treatment groups, compared with controls, again in keeping with previously published reports. The control, riluzole, hypothermia, and glibenclamide groups, in that order, exhibited the largest to the smallest lesion volumes. Whereas the effects of hypothermia and glibenclamide reached statistical significance, compared with control, that of riluzole did not. These differences in lesion volumes were reflected in complementary measurements of spared spinal cord tissue, which showed, in addition, some degree of atrophy of the spinal cord rostral to the lesion in all groups except the glibenclamide group. The lack of statistical significance with riluzole may have been due to the small sample size or to the delay of 4 h before the start of treatment; in our previous report, treatment with riluzole at 3 h yielded a significant reduction in lesion volume. 30 Notably, a more favorable effect on lesion size with glibenclamide, compared with riluzole, was found both here and in our previous study. 30 As noted above, the mBBB scores in the three treatment groups were similar during the final weeks of evaluation, despite substantive differences in lesion volumes. These observations are consistent with reports that spontaneous recovery of hindlimb function in rats after SCI is fairly robust, and that appreciable recovery can occur even with little sparing of spinal cord white matter. 49, 50 Because of this natural tendency toward recovery of hindlimb function in rats with moderate cervical SCI, BBB scores are limited by a ''ceiling effect'' that fails to reflect the true magnitude of pathological involvement. 51 Importantly, the BBB scoring system was designed to evaluate midline lower thoracic injuries, not unilateral lower cervical injuries. With precisely placed lower cervical injuries, as we did here (see Methods), tests assessing upper extremity function in isolation, such as grip strength 30 and various other forelimb tests, [52] [53] [54] [55] [56] or the coordinated function of all four limbs, such as the beam balance, as well as lesion volumes themselves, may be more appropriate than BBB scores for identifying the best among a group of candidate therapies. This assertion is supported by our data here on beam balance and lesion volumes; of the functional tests measured, lesion volumes correlated best with the beam balance data.
When considering patient care, safety concerns are as important as any outcome measure. Notably, safety issues discriminated strongly between the different treatments. Foremost was the treatment-associated mortality of 30% (3/10), 30% (3/10), 12.5% (1/8), and 0% (0/7) in the control, riluzole, hypothermia, and glibenclamide groups, respectively. The single death in the hypothermia group could have been due to our inexperience with this procedure. Other studies with moderate systemic hypothermia have not reported treatment-associated deaths. 20, 21, 23 The mortality with riluzole, however, reflects the well-known unfavorable therapeutic index of this compound, specifically in the context of cervical SCI. Wu and colleagues 18, 19 reported that rats with cervical SCI receiving a dose of 8 mg/kg IP twice daily had marked lethargy, respiratory distress and 70% (7/10 rats) mortality; those administered 6 mg/kg IP twice daily had 8% (2/26) mortality, and those administered 4 mg/kg IP twice daily had minimal lethargy and 0% mortality. Here, we used a dose of 5 mg/kg IP twice daily, and observed marked lethargy and 30% mortality, whereas previously, we used a dose of 2.5 mg/kg IP twice daily and had minimal lethargy and 0% mortality. 30 Notably, even the highest of these doses is well tolerated and produces no untoward effects, including no lethargy or mortality in normal, uninjured rats. 19 We speculate that the reason for this toxicity, specifically in animals with lower cervical SCI, may relate to the massive opening of the blood-brain barrier in the area of injury; if the injury is near the portion of the spinal cord controlling critical respiratory or autonomic functions, ion channels that are required to sustain life may be inhibited inadvertently. At micromolar concentrations (IC50, 3-10 lM), riluzole is a relatively selective blocker of persistent sodium currents in neurons, including spinal cord neurons. [57] [58] [59] [60] [61] That rats with lower cervical SCI may be selectively vulnerable to riluzole is consistent with the observation that studies on rats with lower thoracic-level SCI treated with riluzole report no treatmentassociated mortality. 15, 17 Insofar as most SCI in humans involves the cervical spinal cord, it would seem prudent that preclinical studies should demonstrate negligible treatment-associated morbidity and mortality, specifically in cervical SCI. Compounding cervical SCI with respiratory or autonomic depression clearly is undesirable.
Apart from lethargy and mortality, we also evaluated other potential safety concerns. Because glibenclamide increases insulin secretion from the pancreas, we measured serum glucose levels. We found that in all treatment groups, including the glibenclamide group, levels above 100 mg/dL were maintained at all times, consistent with prior reports that constant infusion of low-dose glibenclamide does not produce hypoglycemia. 8, 62 Post-treatment autonomic functions including ptosis, heart rate, and rectal temperature also were monitored. On these measures, the hypothermia and glibenclamide groups were similar and favorable, whereas ptosis, spontaneous hypothermia, and bradycardia were prevalent in the riluzole and control groups early on, although they tended to recover by Day 7. Spontaneous voiding was present in 5/7 and 6/7 rats in the hypothermia and glibenclamide groups on Day 1, and in only half as many in the control and riluzole groups. Hematuria (hemorrhagic cystitis) was most prevalent in the riluzole and control groups early on. Do observations on safety in rats predict safety issues in humans with SCI? To date, the experience with riluzole, systemic hypothermia, and glibenclamide in humans with acute CNS injury is limited. In a Phase 1 trial of riluzole in SCI involving 36 patients, no major safety issues were reported. 63 However, the dose studied in humans (50 mg PO twice daily, i.e., *1.43 mg/kg/d) was considerably smaller than the doses used in the preclinical studies on rats that demonstrated not only efficacy but also significant toxicity. Investigators at the Miami Project to Cure Paralysis reported on 35 patients with cervical SCI who were treated with operative decompression and stabilization followed by 48 h of modest (32-34°C) systemic hypothermia via an intravascular cooling catheter. 64, 65 Their experience was favorable, although they used a longer treatment time than in the preclinical studies, and general inhalation anesthesia was not used during hypothermia in the patients, whereas it was in the preclinical studies.
Complications included an increased incidence of pulmonary problems (such as effusions), anemia, and venous thromboembolic events. No data are available on the use of glibenclamide in human SCI, but in 10 patients with large malignant strokes, RP-1127 (glyburide for injection; 3 mg/d intravenously; i.e., 0.043 mg/kg/d) produced no symptomatic hypoglycemia or other untoward complications, and was found to be safe. 66 It remains to be seen how these three treatments will compare in terms of safety in humans with cervical SCI, especially at doses that can be shown to be therapeutic.
Malnutrition is a well-recognized threat to proper healing and to general well-being after trauma. In both humans and animal models, SCI is accompanied by prolonged post-injury loss of body weight, including fat mass. 45, 67 Hypoproteinemia and malnutrition are significant predictors of mortality in patients with cervical SCI. 68, 69 An intriguing observation from the present study is that rats in the glibenclamide group lost comparatively little weight and rapidly returned to a normal pattern of weight gain, a finding that differed markedly and significantly from all other groups. Post-injury loss of body weight, including fat mass, is not due to hypophagia but possibly to changes in gastrointestinal transit and absorption, as well as metabolic-associated disorders, such as glucose intolerance, insulin resistance, and lipid abnormalities. 45, 70 Glibenclamide is known to act not only on pancreatic bcells to stimulate insulin release but it also acts on white (pre)adipocytes to induce differentiation and stimulate the production of adiponectin, an insulin-sensitizing hormone, via activation of PPARc. 71, 72 Together, these effects of glibenclamide result in lipogenic and antilipolytic effects 73 associated with weight gain. 74 This unexpected salutary effect of glibenclamide in SCI merits further investigation.
Finally, the ease of administration of a given treatment is worthy of consideration. In a hospital setting, administering a drug, especially intravenously, is less invasive, and requires fewer resources and less effort by health care professionals than inducing and maintaining systemic hypothermia. In patients that must undergo surgery for SCI, the norm thus far has been to start the systemic hypothermia treatment after surgery, 64 ,65 a restriction that does not apply to IV drug infusion. Moreover, multitrauma patients with SCI typically require concurrent treatments, surgeries or diagnostic imaging procedures that may interfere with administering systemic hypothermia but are less likely to interfere with an IV drug infusion.
In summary, the data reported here reaffirm that riluzole, systemic hypothermia, and glibenclamide are strong candidates for translation to clinical trials in SCI. With regard to safety and efficacy (lesion volume), systemic hypothermia and glibenclamide appear to be superior to riluzole. With regard to safety, efficacy, general well-being, and ease of administration, glibenclamide appears to be superior to riluzole and systemic hypothermia.
